Abstract An isolate of Cucumber mosaic virus (CMV) retrieved from tomato in India was characterized based on its transmission by sap inoculations, Western blot immunoassay and sequence analysis of RNA3 and 2b genome. The RNA3 genome was of 2,220 nucleotides (nt) which contained two ORFs: movement protein of 852 nt translating 283 amino acids and coat protein of 657 nt translating 218 amino acids. The complete sequence of RNA3 geneome (Acc. EF153734) shared highest 98-99% identities with P1-1, Tfn, and Nt9 strains of CMV infecting tomato reported from abroad. The 333 nucleotides long RNA2b gene (Acc. EF710773) also showed highest 98% identities with P1-1 and 97% with Tfn and NT9 strains of CMV but only 83-84% identities with Indian strains of CMV. Therefore, the isolate under study was identified as a new isolate of CMV of subgroup IB based on highest sequence similarities and closer affinity to European or East Asian isolates of CMV.
protein, involves in the suppression of gene silencing [3] . RNA3 encodes 3a protein, essential for the virus movement, and the coat protein (CP), which is expressed from subgenomic RNA4. The CP has an important role not only in the formation of the viral particles but also in virus movement, transmission by aphid vectors, and symptom expression [13] . Some CMV strains also harbor satellite RNA molecules, which are small, linear, noncoding and single-stranded RNA molecules that depends entirely on the helper virus (CMV) for replication, encapsidation, and transmission but has almost no sequence similarity with the helper CMV genome. Based on their biological, serological, and molecular properties, CMV strains can be divided in two subgroups, I and II, the former being further divided into subgroups IA and IB. The subgroup IB is suggested to contain the 'Asian strains' whereas other members of subgroup I have been kept under subgroup IA. The nucleotide sequence identity between CMV subgroup II and I strains ranges from 69 to 77%, while above 90% within subgroup [13] .
Tomato (Solanum lycopersicum L., family Solanaceae) is one of the most important vegetable crops grown commercially worldwide. Tomato crop is susceptible to infection of many plant viruses including CMV which causes immense economic loss to its productivity. Various symptoms like yellowing, mottling, twisting, shoestring of leaves, leaf distortion and fern-like appearance of the leaves on tomato infected with CMV have been described earlier [4, 5] . In India, CMV infecting tomato was characterized on the basis of biological and serological level by Kiranmai et al. [6, 7] . Restriction fragment length polymorphism analysis of the PCR product of the CP region of a subgroup II CMV strain causing severe mosaic on tomato in south India was also reported [25] . The association of CMV with shoestring symptoms of tomato for the first time in India was identified by us [16] . In this communication, we further report biological and molecular characterization of the CMV isolate causing shoestring in tomato.
The surveys were conducted in 2007 in tomato fields cultivated nearby the bank of Gomati River, Lucknow to observe virus like symptoms on tomato plants. The natural occurrence of viral disease on tomato (Solanum lycopersicum L.) was observed in tomato growing areas in and around Lucknow. The infected tomato plants exhibited mild to severe mosaic accompanied with shoestring symptoms, which resulted in reduction in fruit quality and in tomato production. The disease incidence was about 20-25% in all four fields surveyed.
For virus transmission mechanical inoculations were done using the leaf sap of infected young leave macerated in 0.1 M potassium phosphate buffer, pH 6.8 (supplemented with 0.1% Na 2 SO 3 ) in a ratio of 1:10 (w/v) on different host species as described in Table 1 . The sap inoculations resulted in chlorotic or necrotic local lesion on Chenopodium album, C. amaranticolor, and Spinacia oleracia at 5-7 days post inoculation (dpi) and various systemic symptoms on a number of plant species viz. Nicotiana glutinosa, N. benthamiana, Hyoscyamus muticus, Solanum lycopersicum, Datura innoxia and Cucumis sativus at 15-20 dpi (Table 1) . However, Capsicum annuum, Cucurbita maxima, Petunia hybrida, N. tabaccum cv. Samsun NN, N. tabaccum cv. White Burley and N. rustica neither develop any local nor systemic symptoms even at 30 dpi. The response of virus strain under study (CMV-Ts) on different host species was also compared with other CMV strains viz. CMV-Ch [9] , CMV-A [24] , CMV-D [17] , and CMV-H [21] reported earlier from India, which showed a clear cut distinct identity of the virus isolate (Table 1) .
Molecular weight of the CP subunits of virus isolate was determined by SDS-PAGE and comparing its mobility with a protein marker on a 12% Poly acrylamide gel under denaturing conditions. The protein bands were blotted on nitrocellulose membrane and Western blot immuno assay was done as described by Renart and Sandoval [19] using antiserum of CMV (PVAS-242a) as primary antibody and anti rabbit IgG-alkaline phosphatase conjugate (Sigma Aldrich, USA) as secondary antibody. Finally, the protein bands were elucidated by color development reaction on adding BCIP/NBT (Sigma Aldrich, USA) in the dark. The reaction was terminated by adding sterile water and the blot was dried. Positive bands were obtained corresponding to the size of 24 kDa, which closely matched the molecular weight of CP of CMV-Glad [18] taken as a positive control, confirming the association of CMV with shoestring disease of tomato plants and the strain was designated as CMV-Ts. Total RNA was isolated from 100 mg young leaf tissue of naturally infected tomato as described earlier [14] . The reverse transcription-polymerase chain reaction (RT-PCR) was performed using RNA3 genome specific primers designed from the sequence data of CMV-Fny (Acc. D10538). First strand cDNA synthesis was done using 200U of Revert Aid H-minus MMuLV reverse transcriptase (MBI Fermentas, USA) and the reverse primer. PCR was carried out in thermal cycler PTC-200 (MJ research) using 10 ng cDNA as template, forward and reverse primers and 1.5U of Pfu DNA polymerase [16] . RT-PCR was also performed using the primers specific for 2b gene of CMV. The sequence of upstream primer: 5 0 -ATG-GAATTGAACGCCGGAGGCGCAATG-3 0 and downstream primer: 5 0 -TCAAAACACCCT(CT)CCGCCCAC TCGTT-3 0 resulting in *300 bp amplicons. PCR condition for reaction was as follow: initial denaturation at 94°C for 5 min followed by 30 cycles consisting of denaturation at 94°C for 1 min, annealing at 62°C for 30 s, extension of 45 s at 72°C and a final extension for 10 min at 72°C. The PCR products were assessed on 1% agarose gel with DNA marker (100 bp DNA ladder, Genei Pvt. Ltd., India).
During RT-PCR the expected size amplicons of *2,200 and *300 bp were obtained with RNA3 and RNA2b specific primers, respectively. Both the amplicons were eluted using QIAquick gel extraction kit (Qiagen, USA) and ligated separately into pGEM-T easy vector system-1 (Promega Corporation, USA). Competent cells of Escherichia coli (strain DH5a) were transformed by following standard molecular biology procedures [22] . Three positive clones were got sequenced from both the ends (MWG, Germany) and nucleotide sequences data was analyzed by the Entrez program using BLAST (http://www.ncbi.nlm.nih.gov/ BLAST) at NCBI for knowing consensus sequence and submitted in GenBank database under accession numbers: RNA3 (Acc.EF153734) and RNA2b (Acc. EF710773).
To find out the two ORFs in RNA3 genome, the gene was translated into amino acid residues utilizing the expasy (http://www.expasy.org/tools/dna.html). The nucleotide sequence analysis of RNA3 of CMV-Ts isolate showed the complete length of RNA3 (Acc.EF153734) was of 2,220 nucleotides and consisted of two ORFs. The first frame start codon (AUG) in the ORF was at position 122-124 nucleotide and termination codon (UAG) at 971-973 nucleotide position and identified as MP gene of 852 nucleotides translating 283 amino acids. The second frame ORF started (AUG) at position 1,261-1,263 nucleotide and terminated (UAG) at 1,915-1,917 nucleotide position and identified as CP gene of 657 nucleotides translating 218 amino acids. The ORFs were separated by 288 nucleotides long intergenic region (IR) and flanked by 5 0 un-translated region (5 0 UTR) and 3 0 UTR of 121 and 303 nucleotides, respectively. The sequence data of RNA2b gene (Acc. Table 1 Comparison of symptoms (local and systemic)* induced by Cucumber mosaic virus tomato isolate under study (CMV-Ts) with CMV strains of Amaranths (CMV-A) [24] , Datura (CMV-D) [17] Henbane (CMV-H) [21] and Chrysanthemum (CMV-Ch) [9] reported earlier from India EF710773) was also analyzed and found to be of 333 nucleotides, starting from ATG at first nucleotide and terminated at 333th nucleotide. The 2b gene translated 110 amino acid residues. BLASTn analysis of nucleotide sequences of the RNA3 (EF153734) showed highest 99-98% identities with CMVTfn (Y16926), Nt9 (D28780) and P1-1 (AM183116) isolates of Italy, Taiwan and Spain, respectively. It also showed 97-96% with CMV strains of India (JF279606, GU111229) and China (EF216867, EF216865, FJ268746, DQ412732, HQ283393). However, the identities were 93% with other CMV strains of Indian origin (EF178298, EF593023, EF593024, EF593026, EF153733 and EF593025) of subgroup IB. BLAST analysis of RNA2b (EF710773) also showed highest 97% nucleotide sequence identity with Tfn, P1-1, and Nt9 strains and 87% identity with Indian strains of CMV.
The matrix for pair wise alignments was obtained using the DiAlign 2 program [11] . Genomatix Dialign analysis of complete RNA3 of sequence data of CMV-Ts isolate (EF153734) with some selected strains of CMV belonging to subgroups I and II, showed highest 99-97% similarities with Tfn, Nt9, P1-1, and Tfr-In strains of CMV of subgroup IB reported from Italy, Taiwan, Spain, and India, respectively. The isolate also showed 96-94% similarities with T-In, Cb7, YN, Cah 1, Phy, T1-2, PE strains reported from India and China. However, CMV-Ts showed only 92% nucleotide similarities with other strains of CMV belonging to subgroup IB reported from India (Table 2) . RNA2b ORF showed highest 98% similarities with P1-1 and 97% with Tfn and NT9 strains of CMV, however, only 83-84% sequence similarities with Indian strain of CMV (EU417842, EU006067, EU118810) of subgroup IB.
To know the sequence variability, complete RNA3 sequences of CMV-Ts isolate (EF153734) were aligned with CMV strains of subgroup IB, IA and II. Sequence alignments revealed that CMV-Ts shared all the common features of Cucumoviruses. CMV-Ts had 12 unique nucleotide substitutions in its entire genome and two substitutions in MP and IR, five substitutions in CP and three substitutions in 3 0 UTR region but no substitution in 5 The phylogeny estimation and molecular evolutionary relationships was established using Molecular Evolutionary Genetics Analysis software (MEGA 4.1 version). Tree was rooted on ER-PSV and TAV strains, the other members of genus Cucumovirus. Complete RNA3 sequences of CMV strains of subgroup IA, IB and II which showed highest homology with CMV-Ts strain (EF153734) were considered for phylogenetic analysis along with the other member of genus Cucumovirus: PSV (Acc.NC_002040) and TAV (Acc.EU163411) as out group. RNA3 based phylogenetic analysis clearly divided CMV strains into three clusters of subgroup IA, IB, and II (Fig. 1) . CMV-Ts clad within subgroup IB and showed closest relationships with Tfn, Nt9, P1-1, Tfr-In, and T-In CMV isolates reported from abroad and India. While it showed distinct relationships with other CMV strains of Indian origin: CMV-D (EF593024), CMV-A (EF503023), CMV-Ban (EF178298), CMV-J (EF593026) and CMV-Rs (EF593025). The Ts isolate clearly indicated a closer affinity to European or East Asian CMV isolates (Tfn and Nt9) than to other isolates of IB group previously characterized in India. Phylogenetic analysis of RNA2b gene (EF710773) was also carried out with the selected and reported strains of CMV belonging to subgroup IA, IB, and II. During analysis at amino acid level, the CMV-Ts isolate revealed closest relationships with the subgroup IB strains and clustered with Tfn, Nt9, and P1-1 strains of CMV of subgroup IB together with Indian strains of CMV.
The virus associated with shoestring disease of tomato was transmitted successfully by sap inoculations to a number of host plants including Cucumis sativus, a diagnostic host of CMV described by Francki et al. [4] , the causal virus was suspected as CMV. Remarkable differences in symptoms were observed with CMV tomato isolate such as: it did not produce any symptoms on N. tabaccum cv. White Burley, cv. Samsun NN, whereas previously characterized Indian CMV strains: CMV-A [24] , CMV-H [21] , CMV-D (EF593024), CMV-Ban (EF178298) and CMV-Ch [9] induced systemic mosaic on these cultivars of N. tabaccum. In contrast, it did not produce any symptom on chilli, petunia, chrysanthemum and amaranths. The symptom comparisons well distinguished the CMV tomato isolate from other strains of CMV reported earlier from India. This variation in symptoms produced might be due to the invasion of an exotic strain of CMV in India.
Positive reaction of the virus with antiserum of CMV (PVAS 242a) and 24 kDa protein band hybridized with the CMV antiserum during WIBA, which closely matched with the molecular weight of CP of CMV-Glad [18] taken as a positive control, confirming virus isolate under study was CMV. The isolate was further confirmed by RT-PCR using RNA3 specific primers which resulted in positive amplification of the expected size band of *2.2 kb. The sequencing of PCR amplicons resulted in complete RNA3 genome comprised of 2,220 nucleotides (Acc. EF153734). The sequence analysis of the data revealed highest 98-99% identities with P1-1, Tfn, and Nt9 strains of CMV reported from abroad and 96-97% identities with two Indian strains (Tfr-In and T-In) reported recently, while identities were only 92% with other CMV strains reported earlier from India.
Sequence alignments of complete RNA3 sequences of CMV-Ts isolate (EF153734) revealed that CMV-Ts shared all the common features of Cucumoviruses viz. presence of conserved TG tract in 5 0 UTR (as reported earlier by Boccard and Baulcombe [1] , the motif 'CAA CAG TCC TC' and GGT TCA ATT CC in the 3a and IR gene, respectively and a highly conserved region 'TCC AGC TTA CGG CTA AAA TGG TCA GTC G' in 3 0 UTR, like in other strains of CMV strains was also obtained [10] . However, no substitutions were observed in 5 0 UTR and IR regions. No change was found in the core promoter region within IR region which explains the extreme conservation of this region essentially required for the virus replication as suggested earlier [3] . Five unique amino acid substitutions in C-terminal region at positions 149 (S/P), 150(A/V), 151(M/L), 156 (T/A) and 158 (T/S) of CP of the virus isolate under study were found. The mutation of threonine (T) at position 156 by alanine (A) has also been reported to affect significantly in transmission of CMV by aphid and virion stability [12, 15, 23] . Alterations at these positions might suggest some functional importance to provide selective biological advantages for survival of CMV strains of Indian subcontinent.
Phylogenetic analysis of RNA3 and CP level of CMVTs showed the closest affinity to European or East Asian CMV isolates than to other CMV isolates previously characterized in India. The analysis placed CMV-Ts along with other Indian strains in subgroup IB and suggested to be derived from subgroup I as proposed earlier by [20] but separate cluster formed by Indian strains indicated that the Indian strains may have an ancient lineage to IB. Fig. 1 Phylogenetic analysis of CMV-Ts isolate virus under study (highlighted by grey shadowing) at nucleotide level of complete RNA3 by MEGA v4.1. The evolutionary history was inferred using the Neighbor-Joining method with 100 replicate bootstraps Alternatively they could be diverged members of subgroup IB that are evolving independently.
There is a record on a CMV strain causing shoestring disease in tomato from India based on sequence analysis of RNA3 [16] . RNA3 genome based characterization of three distinct tomato strains of CMV have been reported recently from India [8, 26] . We further report, the biological and molecular characterization of CMV isolate retrieved from tomato which has closer affinity to European or East Asian CMV isolates than to other isolates previously characterized in India.
